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Abstract
  Previous neuroimaging studies of perceptual priming have
reported priming-related decreases in the extrastriate cortex.
However, because these experiments have used visual stimuli,
it is unclear whether the observ ed decreases are associated
speciªcally with some aspect of visual perceptual processing
or with more general aspects of priming. We studied within-
and cross-modality priming using an auditory word stem com-
pletion paradigm. Positron emission tomography (PET) images
were  obtained  during  stem  completion  and  a  ªxation  task.
Within-modality auditory priming was associated with blood
ºow  decreases  in  the  extrastriate  cortex  (bilateral),  medial/
right anterior prefrontal cortex, right angular gyrus, and pre-
cuneus. In cross-modality priming, the study list was presented
visually, and subjects completed auditory word stems. Cross-
modality priming was associated with trends for blood ºow
decreases in the left angular gyrus and increases in the me-
dial/right anterior prefrontal cortex. Results thus indicate that
reduced activity in the extrastriate cortex accompanies within-
modality priming in both visual and auditory modalities. 
INTRODUCTION
Priming refers to a change in the ability to identify or
produce an object or word as a result of a speciªc prior
encounter  with  the  item  (Tulving  &  Schacter,  1990).
Priming does not require conscious or explicit recollec-
tion  of  a  prior  encounter  with  an  object  and  is  thus
considered a form of nonconscious, nondeclarative, or
implicit  memory  (cf.  Jacoby,  Toth,  &  Yonelinas,  1993;
Schacter, Chiu, & Ochsner, 1993; Squire, 1994).
A  variety  of  recent  studies  have  examined  priming
using functional neuroimaging techniques such as posi-
t r o n  e m i s s i o n  t o m o g r a p h y  ( P E T )  a n d  f u n c t i o n a l  m a g -
netic  resonance  imaging  (fMRI).  Such  studies  have
consistently shown that priming is accompanied by re-
duced activity in a variety of cortical regions (for review,
see Schacter & Buckner, 1998; Wiggs & Martin, 1998).
One of the most consistent ªndings has been reported
i n  s t u d i e s  u s i n g  a   word  stem  completion  paradigm:
after studying a list of words,  subjects are later shown
three-letter word stems and are asked to provide the ªrst
word that comes to mind. Priming occurs when partici-
pants produce more designated target items to stems of
© 1999 Massachusetts Institute of Technology Journal of Cognitive Neuroscience  11:4, pp. 337–348
previously studied words than to stems of nonstudied
words. Several studies have reported reduced activity in
regions  of  the  extrastriate  visual  cortex,  most  notably
Brodmann’s area (BA) 19, during primed stem comple-
tion performance compared to unprimed stem comple-
tion performance (Backman et al., 1997; Buckner et al.,
1995; Schacter et al., 1996; Squire et al., 1992; for related
data with event-related potentials, see Badgaiyan & Pos-
ner,  1996;  1997).  Priming-related  reductions  in this re-
gion have also been observed for other priming tasks
involving both words and objects (e.g., Blaxton et al.,
1996; Buckner et al., 1998).
The results of previous studies support the idea that
priming-related blood ºow decreases in the extrastriate
cortex reºect modality-speciªc reductions in visual op-
erations: encoding of visual features of target items dur-
ing the study phase may facilitate later visual processing
of  test  stems.  However,  prior  neuroimaging  studies  of
perceptual priming have used visual stimuli (for a related
study of item repetition effects using auditory stimuli,
see  Buckner,  Koutstaal,  Schacter,  &  Rosen,  1999).  It  is
therefore unclear whether priming-related decreases in
the  extrastriate  cortex  are  associated  speciªcally  withsome  aspect  of  visual  perceptual  processing  or  with
more general aspects of priming. To illuminate the mat-
t e r ,  i t  w o u l d  b e  d e s i r a b l e  t o  u s e  n e u r o i m a g i n g  t e c h -
n i q u e s  t o  i n v e s t i g a t e  f o r m s  o f  p r i m i n g  t h a t  d o  n o t
require visual processing. Auditory priming represents a
promising target for such investigations.
Previous  behavioral  studies  have  reported  reliable
priming effects in auditory stem completion tasks, where
participants hear the ªrst syllable of a word and respond
with the ªrst word that comes to mind (Bassili, Smith, &
MacLeod,  1989;  Church  &  Schacter,  1994;  Schacter  &
Church, 1992). Such studies have also shown that audi-
tory stem completion priming is greater when the study
a n d  t e s t  i t e m s  a r e  p r e s e n t e d  i n  t h e  s a m e  m o d a l i t y
(within-modality  priming)  than  in  different  modalities
(cross-modality priming; Bassili et al., 1989; McClelland &
Pring, 1991).
To help extend the domain of priming and neuroimag-
ing research beyond the visual modality, and to provide
a broader basis for interpreting previous observations of
priming-related reductions in the extrastriate cortex, we
performed two PET studies of auditory priming. Experi-
ment  1  examined  within-modality  auditory  priming.  If
previous  observations  of  priming-related  decreases  in
the  extrastriate  cortex  reºect  modality-speciªc  visual
processing, no such reductions should be observed dur-
i n g  a u d i t o ry  p r i m i n g .  I f ,  o n  t h e  o t h e r  h a n d ,  t h e s e  d e -
creases  are  associated  with  more  general  priming
p r o c e s s e s  t h a t  a r e  n o t  s p e c i ªc  t o  t h e  v i s u a l  m o d a l i t y ,
priming-related extrastriate decreases may be observed
d u r i n g  a u d i t o ry  p r i m i n g .  I n  a d d i t i o n ,  i n  v i e w  o f  p r i o r
suggestions that auditory priming may depend on corti-
cal regions subserving auditory processing (e.g., Schac-
ter,  1994),  priming-related  decreases  in  the  auditory
cortex would also be expected.
Experiment 2 included a cross-modality priming con-
dition.  If  priming-related  decreases  in  the  extrastriate
cortex reºect very general changes, they ma y also be
observed  during  cross-modality  priming.  However,
previous  evidence  from  both  cognitive  studies  (e.g.,
Kirsner,  Dunn,  &  Standen,  1989;  Jacoby  et  al.,  1993;
Richardson-Klavehn  &  Gardiner,  1996)  and  neuropsy-
chological investigations (e.g., Curran, Schacter, & Galluc-
cio, 1999) suggests that different mechanisms underlie
within- and cross-modality priming on the stem comple-
t i o n  t a s k .  M o r e  s p e c i ªc a l l y ,  i t  h a s  b e e n  s u g g e s t e d  t h a t
cross-modality priming is mediated by (1) some form of
abstract lexical representation involved in phonological
input  or  output  processing  (e.g.,  Curran  et  al.,  1999;
Kirsner et al., 1989; Weldon, 1991) and (2) aspects of
explicit retrieval (Jacoby et al., 1993; Richardson-Klavehn
& Gardiner, 1996). Although these issues have not been
examined previously in neuroimaging studies, we were
particularly interested in the possibility that regions pre-
viously  implicated  in  phonological  processing  and  ex-
plicit retrieval would be associated with cross-modality
priming.
In Experiment 2, subjects completed auditory stems
following auditory study of some words and visual study
of  others.  We  used  experimental  conditions  that  pro-
duced similar levels of within- and cross-modality prim-
ing (see Methods), thereby allowing a direct comparison
between  the  two  forms  of  priming  that  is  not  con-
founded by overall differences in the amount of priming
observed. To facilitate comparison across experiments,
we  describe  Methods  and  Results  for  the  two  experi-
ments together.
RESULTS
Experiment 1
Analysis of behavioral data revealed a signiªcant priming
effect. Collapsed across test blocks, subjects completed
49.2% of primed stems using studied words,  compared
to 16.4% in the baseline condition (t (7) = 12.42, p <
0.0001). The levels of priming (as indicated by priming
scores obtained by subtracting baseline stem completion
rates from primed stem completion rates) showed no
consistent trend across study-test blocks. Compared to
the ªrst study-test block, priming scores did not differ
signiªcantly in the second (t (7) = 1.83; p > 0.11) or third
(t (7) = 1.07; p > 0.32) study-test blocks (Table 1).
T h e  f a c t  t h a t  s i m i l a r  a m o u n t s  o f  p r i m i n g  w e r e  o b -
served across study-test blocks suggests that the subjects
did not engage in intentional or explicit retrieval strate-
gies  during  the stem completion  task.  Such a  strategy
would have inºated priming scores in the second and
third blocks.
Compared  to  the  ªxation  control,  baseline  auditory
stem completion performance produced rCBF increases
in  a  network  of  left-hemisphere  regions:  the  primary
Table 1.  Behavioral Responses for Within- and
Cross-Modality Priming Conditions in Different Study-Test
Blocks
Block 1 Block 2 Block 3
Experiment 1
Within-modality priming
  Priming score (%) 32.0 36.5 29.8
  Response latency (msec) 1931 1899 1860
Experiment 2
Within-modality priming
  Priming score (%) 34.9 33.1 —
  Response latency (msec) 1866 1829 —
Cross-modality priming
  Priming score (%) 28.3 29.9 —
  Response latency (msec) 1862 1784 —
Priming score = percentage of correct stem completions for primed
words minus percent of correct completions for baseline words.
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cluding BA 42 and Wernicke’s area (BA 22), and inferior
frontal cortex (Broca’s area, BA 44; see Table 2). Increases
in the left primary auditory cortex and Broca’s area are
consistent with the role of these areas in auditory proc-
essing and speech production, respectively (for recent
neuroimaging  evidence  see  Binder,  1997;  Price  et  al.,
1996; Strainer et al., 1997; for discussion of related cog-
nitive functions see Abdullaev, Bechtereva, & Melnichuk,
1998). Activation of the left auditory association cortex
is also consistent with its involvement in speech proc-
essing  and  comprehension  (for  relevant  neuroimaging
data, see Berry et al., 1995; Strainer et al., 1997). No areas
showed signiªcant decreases in the baseline condition
compared to the ªxation condition.
In the priming condition, the primary auditory cortex
and Broca’s area showed signiªcant increases compared
to ªxation. Because the priming condition, like the base-
line condition, also involved auditory processing of the
word stem and speech production, these activations are
not unexpected.  In addition to these activations,  three
regions showed decreased regional cerebral blood ºow
(rCBF) in priming compared to ªxation: the precuneus,
medial  prefrontal  cortex  extending  into  right  anterior
prefrontal  cortex,  and  bilateral  extrastriate  cortex  (BA
19). Critically, comparison of the priming and baseline
auditory stem completion conditions (Table 2) revealed
priming-related decreases in these regions,  as well as in
right  angular  gyrus.  Note  also  that  in  contrast  to  the
signiªcant activation in the auditory association cortex
during baseline stem completion compared to ªxation,
there was no comparable activation during primed stem
completion  compared  to  ªxation.  Such  a  pattern  sug-
gests that the contributions of the auditory association
cortex to stem completion performance may have been
inºuenced by priming, and there was a trend (z = 2.0)
Table 2.  Regions Showing Signiªcant rCBF Changes during Within-Modality Priming in Experiments 1 and 2
Condition and cortical area
Talairach coordinates
x,y,z z-score
Experiment 1. Baseline Minus Fixation
rCBF increases
  1. Broca’s area (BA 44) −34,−4,32    4.94
 2 .   B A   4 1   + Wernicke’s area (BA 22) −48,−40,12  4.25
 3 .   B A   4 1   + Aud. Ass. Cortex (BA 42) −64,−16,4    4.69
Experiment 1. Priming Minus Fixation
rCBF increases
  1. Broca’s area (BA 44) −44,10,32   4.12
  2. Primary Auditory Cortex (BA 41) −34,−44,12  5.56
rCBF decreases
  1. Precuneus (BA 7) 0,−58,44     7.00
  2. Prefrontal cortex (BA 10/11) 4,42,−12     5.81
  3. Extrastriate cortex (BA 19) 40,–84,0      4.50
  4. Extrastriate cortex (BA 19) −44,−74,32   3.88
Experiment 1. Priming Minus Baseline
rCBF decreases
  1. Extrastriate cortex (BA 19) 40,−80,4     5.06
  2. Extrastriate cortex (BA 19) −44,−82,4    3.40
  3. Angular gyrus (BA 39/40) 50,−66,28     4.81
  4. Precuneus (BA 7) 2,−62,48       5.56
  5. Prefrontal cortex (BA 10) 26,62,12       5.75
Experiment 2. Priming Minus Baseline
rCBF decreases
  1. Extrastriate cortex (BA 19) 38,−76,4      3.19
  2. Extrastriate cortex (BA 19) −28,−84,4    4.37
  3. Angular gyrus (BA 39/40) 48,−58,28    4.44
  4. Precuneus (BA 7) 26,−42,52    3.37
  5. Prefrontal cortex (BA 10) 18,66,12        4.94
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completion performance. Nonetheless, the failure to ob-
s e r v e  a  s i g n i ªc a n t  d e c r e a s e  i n  t h e  d i r e c t  c o m p a r i s o n
between primed and baseline stem completion perfor-
mance  indicates  that  these  ªndings  must  be  viewed
cautiously.
Finally, there were no signiªcant rCBF increases in the
primed  stem  completion  condition  compared  to  the
baseline stem completion condition.
Experiment 2
In the within-modality priming condition, subjects com-
pleted 54.3% of stems using studied words, compared to
20.3% in the baseline condition (t (7) = 15.4; p < 0.0001).
Further, response latencies were signiªcantly shorter for
primed words (1848 ± 78 msec) compared to baseline
words (2073 ± 74 msec; t (7) = 3.58; p < 0.009). In the
cross-modality  condition,  subjects  completed  48.1%  of
stems using studied words, compared to 19.1% in the
baseline  condition  (t ( 7 )  =  1 7 . 3 8 ;  p <  0 . 0 0 0 1 ) .  M e a n
response latency in the priming condition (1823 ± 69
m s e c )  w a s  s i g n i ªc a n t l y  l e s s  t h a n  t h a t  i n  t h e  b a s e l i n e
(1995 ± 51 msec; t (7) = 2.67; p < 0.03). There were no
effects of test block on proportions of stems completed
in  either  within-modality  (t  (7)  =  0.22;  p >  0 . 8 3 )  o r
cross-modality  (t  (7)  =  1.48;  p >  0 . 1 8 )  c o n d i t i o n s .  A l -
though there was a slight trend for more priming in the
within-modality  than  the  cross-modality  condition,  the
percentage of stems completed with target words did
not  differ  signiªcantly  between  the  two  conditions
(t (7)  = 0.27; p > 0.79).
Changes in rCBF were examined separately for within-
and cross-modality priming conditions. We hypothesized
that within-modality priming would be accompanied by
rCBF decreases in the same anatomic regions observed
in Experiment 1. Consistent with this hypothesis, rCBF
changes were essentially identical to those observed in
Experiment 1 (T able 2;  F igure 1A and B).  Each of the
cortical  regions  that  showed  rCBF  decreases  in  the
primed  stem  completion  condition  compared  to  the
baseline  stem  completion  condition  of  Experiment  1
also showed reduced activity in the corresponding com-
parison of the present experiment:  the extrastriate cor-
t e x  b i l a t e r a l l y ,  r i g h t  a n g u l a r  g y r u s ,  p r e c u n e u s  a n d
medial/right anterior prefrontal cortex.
In cross-modality priming, no areas showed increases
or decreases in the priming condition compared to the
baseline condition that met our statistical threshold for
nonplanned comparisons (z = 4.2; see Methods). There
were,  however,  several  rCBF  differences  between  the
priming and baseline conditions that were at or near our
threshold for planned comparisons (z = 3.09) and that
are  consistent  with  the  hypotheses  discussed  in  the
Introduction  that  changes  in  phonological  processing
and explicit retrieval, respectively, play a role in cross-
modal  priming.  We  thus  tentatively  characterize  these
ªndings (Figures 2 and 3) as suggestive trends that merit
f u rt h e r  e x p l o r a t i o n  i n  f u t u r e  r e s e a r c h .  F i rs t ,  t h e  c r o s s -
modality priming condition was associated with an rCBF
i n c r e a s e  e n c o m p a s s i n g  m e d i a l  a n d  r i g h t  a n t e r i o r  p r e -
frontal cortex (BA 10). As illustrated in the two slices
shown in Figure 2, the maximum activation occurred in
the  medial prefrontal  cortex  (0, 48, 20;  z = 3.31); the
maximum activation in the right anterior prefrontal cor-
tex  was  at  36,  60,  8;  z = 3 .0 6 .  P r e v i ou s  ne ur o i m a gi n g
studies have implicated the right anterior prefrontal cor-
tex in aspects of explicit retrieval (e.g., Tulving et al.,
1994). We also observed a trend for decreased rCBF in
t h e  l e f t  a n g u l a r  g y r u s  d u r i n g  c r o s s - m o d a l i t y  p r i m i n g
compared to baseline (BA 39/40, −40, −46, 28; z = 3.75;
s e e  F i g u r e  3 ) ,  a  r e g i o n  t h a t  h a s  b e e n  i m p l i c a t e d  p r e -
viously  in  aspects  of  phonological  processing  (e.g.,
Paulesu, Frith, & Frackowiak, 1993). Direct comparison
Figure 1. W i t h i n - m o d a l i t y
auditory priming: Statistical
parametric maps (SPM) show-
ing signiªcant rCBF decreases
in the extrastriate (BA 19) and
medial prefrontal (BA 10) ar-
eas during within-modality
auditory priming as compared
to the stem completion base-
line in Experiment 1 (A) and
Experiment 2 (B). The medial
prefrontal activation extended
to the right anterior prefrontal
cortex in both experiments.
The maps are superimposed
over averaged structural MRI
images that were transformed
to Talairach space. Atlas coordi-
nates are provided in Table 2.
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modality priming also yielded ªndings that are best char-
acterized  as  suggestive.  There  were  trends  for  within-
modality  >  cross-modality  rCBF  differences  in  the  left
angular  gyrus  (−40, − 46,  28;  z =  3 . 1 8 )  a n d  t r e n d s  f o r
cross-modality > within-modality priming in precuneus
(10, −62, 44; z = 2.88) and in the right prefrontal (16,
60,16; z = 2.94) and left extrastriate (−28, −70, 20; z =
2.81) cortices.
DISCUSSION
Analysis of the PET data revealed that for within-modal-
ity priming,  there was reduced rCBF in the extrastriate
area (BA 19) during primed auditory stem completion
compared to baseline auditory stem completion (Experi-
ments  1  and  2).  Findings  concerning  cross-modality
priming were less clear-cut, but the data are consistent
with the possibility that cortical areas associated with
cross-modality priming may be distinct from those asso-
ciated with within-modality priming (Experiment 2).
The  fact  that  we  observed  decreased  rCBF  in  the
extrastriate cortex during within-modality auditory prim-
ing  in  both  Experiments  1  and  2  indicates  that  this
ªnding is reliable and reproducible. The extrastriate re-
gion showing priming-related decreases in the present
study is generally similar to that reported previously in
within-modality visual stem completion priming experi-
ments (Backman et al., 1997; Buckner et al., 1995; Schac-
ter et al., 1996). It is also worth noting that Buckner et
al. observed priming-related decreases in the extrastriate
cortex during within-modality visual priming both when
t h e  t y p e  c a s e  o f  t a r g e t  i t e m s  ( u p p e r  o r  l o w e r )  w a s
identical  at  study  and  test  (same  case  condition)  and
when it differed (different case condition). The fact that
Buckner  et  al.  (1995)  observed  rCBF  decrease  in  the
extrastriate cortex in the different case condition sug-
gests that this decrease probably does not reºect prim-
ing of the speciªc visual features of previously studied
target words. Our ªndings are thus consistent with those
of Buckner et al. However, because within-modality audi-
t o r y  p r i m i n g  d o e s  n o t  r e q u i r e  a n y  v i s u a l  p e r c e p t u a l
processing,  whereas  previous  discussions  of  priming-
related blood ºow reductions in the extrastriate cortex
have emphasized modality-speciªc perceptual processes
(Buckner et al., 1995; Schacter et al., 1996; Squire et al.,
1992),  our  ªndings  cast  new  light  on  the  mechanism
involved.  We  consider  three  potential  explanations  to
account for the rCBF decrease in the extrastriate cortex
Figure 2.  Cross-modality
priming: SPM at two slice loca-
tions showing increased
blood ºow in the prefrontal
cortex (BA 10) during cross-
modality auditory priming (as
compared to stem completion
baseline). Maximal rCBF in-
creases were observed in the
medial prefrontal area (A; z =
3.31) and in the right anterior
prefrontal area (B; z = 3.06).
The maps are superimposed
over averaged structural MRI
images that were transformed
to Talairach space.
Figure 3.  Cross-modality priming: SPM showing rCBF decrease (z =
3.75) in the left angular gyrus (BA 39/40) during cross-modality
priming as compared to the baseline. The maps are superimposed
over averaged structural MRI images that were transformed to Talai-
rach space.
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processes  played  a  role  in  auditory  stem  completion
priming,  (2) the decreases may reºect a kind of cross-
modal suppression effect, and (3) a part of the extrastri-
ate cortex may support nonvisual functions.
One possible account of our results involves the use
of  visual  imagery.  Neuroimaging  studies  have  consis-
tently reported increased rCBF in the extrastriate cortex
(and several other cortical regions) in tasks that require
visual  imagery  (e.g.,  Cabeza  et  al.,  1997; Cohen  et  al.,
1996; D’Esposito et al., 1997; Fletcher et al., 1995; Roland,
Eriksson, Stone-Elander, & Widen, 1987). Perhaps subjects
created visual images of auditorily presented words dur-
ing  the  study  task  and  retrieved  those  images  during
primed  auditory  stem  completion  performance.  How-
ever, by this account we should have observed increased
r C B F — n o t  d e c r e a s e d  r C B F — i n  t h e  e x t r a s t r i a t e  c o r t e x
during auditory priming. Moreover, when subjects were
explicitly shown visual words during the study phase in
E x p e r i m e n t  2 ,  w e  f a i l e d  t o  o b s e r v e  s u b s e q u e n t  r C B F
changes in the extrastriate cortex during cross-modality
auditory priming. Thus, use of visual imagery during the
study task and priming test does not offer a promising
or even a plausible account of our results.
An alternative version of an imagery hypothesis would
hold  that  subjects  created  visual  images  of  the  target
words during baseline auditory stem completion perfor-
mance. During primed auditory stem completion perfor-
mance,  however,  participants  may  have  been  able  to
process  auditory  information  more  easily  than  in  the
baseline condition and were thus less likely to engage in
visualization of target stems or words, thereby resulting
in extrastriate rCBF decreases. By this view, the extrastri-
ate cortex should have been associated with signiªcant
rCBF increases during baseline stem completion perfor-
mance  compared  to  the  ªxation  control  (possibly
reºecting the occurrence of visual imagery). However,
no such increases were observed.  A related idea is that
auditory  processing  may  have  activated  orthographic
features of target items during baseline stem completion
performance  (e.g.,  Tanenhaus,  Flanagan, &  Seidenberg,
1980). If the extrastriate cortex is involved with ortho-
graphic  processing  and  representation  (e.g.,  Petersen,
Fox,  Snyder,  &  Raichle,  1990),  the  observed  rCBF  de-
creases  may  reºect  corresponding  decreases  in  ortho-
graphic  processing  after  auditory  priming.  Though  an
attractive idea, as with the visual imagery hypothesis, this
n o t i o n  w o u l d  l e a d  u s  t o  e x p e c t  i n c r e a s e d  e x t r a s t r i a t e
activation in the baseline stem completion task relative
to ªxation.
A second hypothesis is that extrastriate decreases may
reºect a suppression of visual processing during audi-
t o ry  t a s k  p e r f o r m a n c e .  F o r  e x a m p l e ,  B u c k n e r ,  R a i c h l e ,
Miezin, and Petersen (1996) reported rCBF decreases in
the extrastriate cortex during an auditory paired-associ-
ate recall task compared to a ªxation control. In this task,
subjects were presented with a cue word auditorily and
were asked to recall the second member of the pair; the
two words had been presented together auditorily prior
to scanning. Buckner et al. suggested that the extrastriate
decreases  might  have  occurred  because  attention  to
auditory stimuli suppressed activity in visual areas (see
Haxby et al., 1994, for discussion of a similar cross-modal
suppression effect in the auditory cortex during visual
attention).
W e  c a n n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  c r o s s - m o d a l
suppression is involved in the extrastriate decrease we
observed. Nonetheless, it seems an unlikely explanation
because we did not observe signiªcant extrastriate rCBF
decreases in the baseline auditory stem completion con-
dition  compared  to  ªxation  (nor  did  we  observe  any
trends f or such decreases,  even when the signiªcance
level was set at z = 1). If the observed decrease resulted
from suppression of visual regions as a consequence of
attention to auditory stimuli, the effect should have been
o b s e r v e d  i n  t h e  b a s e l i n e  c o n d i t i o n  a s  w e l l  a s  i n  t h e
priming  condition.  More  generally,  as  Buckner  et  al.
(1999) note, it is important to distinguish between re-
gions that show decreased activity compared to a ªxa-
tion control (for review, see Shulman et al., 1997) and
d e c r e a s e s  a s  a  r e s u l t  o f  p r i m i n g  t h a t  r e º e c t  r e d u c e d
activity in a region that shows increased activity during
baseline task performance. The extrastriate decrease re-
ported here is both similar to and different from each of
these types of decreases. On the one hand, the extrastri-
ate  decrease  was  not  observed  during  baseline  stem
completion performance relative to ªxation (thus distin-
guishing it from the general kinds of decreases reviewed
by  Shulman  et  al.  that  occur  in  relation  to  ªxation).
However,  it was observed in the comparison of primed
and unprimed stem completion performance (similar to
p r e v i o u s  p r i m i n g  s t u d i e s )  a n d  i n  t h e  c o m p a r i s o n  o f
primed stem completion and the ªxation condition. But
whereas  some  previous  reports  of  priming-related  ex-
trastriate decreases during visual stem completion have
shown increased activity in this region during baseline
stem  completion  performance  compared  to  ªxation
(e.g., Buckner et al., 1995), we did not observe such an
outcome (nor did Backman et al., 1997).
I n  t h e  p r e s e n t  s t u d y ,  r e d u c e d  r C B F  d u r i n g  p r i m i n g
both in comparison with the ªxation condition and with
the  unprimed  stem  completion  baseline  suggests  that
the  reduction  is  associated  with  priming  and  is not a
result of increased rCBF in the unprimed stem comple-
tion baseline condition. Increased rCBF both in the ªxa-
tion and the stem completion baseline condition could
also produce this result, but this is unlikely because the
priming task (as well as the stem completion baseline
task)  included  the  ªxation  condition  (that  is,  subjects
always looked at a ªxation cross; this strategy helped us
reduce artifacts due to eye movements,  and its effects
should have subtracted out in the various contrasts we
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increase”  should  have  yielded  increased  rCBF  in  the
priming condition (rather than decreased rCBF). Clearly,
however, further studies are necessary for better under-
standing of the signiªcance of this reduction.
A third possible interpretation of the priming-related
extrastriate decrease is that parts of the extrastriate cor-
tex may support nonvisual functions. Neuroanatomical
and electrophysiological data suggest that the extrastri-
ate cortex in humans and other primates includes dis-
tinct areas of specialization (DeYoe et al., 1996; Rodman
& Moore, 1997; Zilles & Clarke, 1997). A region of the
extrastriate  cortex  (V3A)  that  corresponds  roughly  to
the  superolateral  part  of  BA  19  in  the  human  brain
d i f f e r s  f r o m  t h e  r e s t  o f  t h e  e x t r a s t r i a t e  c o r t e x  i n  i t s
connectivity, neurohumoral proªle, and cytoarchitecture
(for detailed discussion, see Zilles & Clarke). This region
is extensively connected to the subcortical and cortical
areas outside the occipital visual cortex and is not de-
pendent  on  input  from  the  primary  visual  cortex  for
activation. Indeed, a recent fMRI experiment has demon-
strated activation in the extrastriate area in response to
auditory stimuli (Bookheimer et al., 1998). Interestingly,
Talairach coordinates of the V3A region determined by
fMRI (Tootell et al., 1997) agree with the coordinates of
the extrastriate rCBF decreases we observed in priming
condition.  It,  however,  remains  to  be  determined
whether (and how) possible nonvisual functions of re-
gions  within  the extrastriate cortex are related to the
priming-related rCBF reductions reported here, but the
possible link seems worth considering and exploring.
As  indicated  by  the  foregoing  discussion,  the  exact
role that the extrastriate cortex plays in visual and audi-
tory stem completion priming remains to be speciªed.
In general, however, our ªndings support the conclusion
that priming-related decreases in the extrastriate cortex
reºect processes common to visual and auditory modali-
ties rather than modality-speciªc visual processes. This
conclusion is generally consistent with ªndings from a
recent fMRI study by Buckner et al. (1999), who used a
repeated word generation paradigm to examine priming
effects in visual and auditory word stem completion. In
their  study,  subjects  were  repeatedly  presented  with
either visual stems or with auditory stems (in separate
experiments)  and  generated  appropriate  completions.
Completion latencies were reduced with repetition of
the identical stems but returned to baseline levels when
novel stems were presented, thus indicating that some
form  of  item-speciªc  priming  occurred.  Importantly,
Buckner et al. observed repetition-related activation re-
ductions during both visual and auditory stem comple-
t i o n  p e r f o r m a n c e  i n  a n  a r e a  o f  t h e  i n f e r i o r  t e m p o r a l
cortex (localized to x = −43, y = −52, z = −12) near the
ventral visual processing stream,  anterior to the extras-
triate regions discussed here. They suggested that this
region  is  involved  in  amodal  lexical/conceptual  proc-
esses that occur during both visual and auditory stem
completion priming. Thus, the general conclusions from
the Buckner et al. study are consistent with, and comple-
mentary to, the hypotheses that we have suggested.
One difference between the two studies is that the
inferior temporal region that showed repetition-related
r e d u c t i o n s  i n  t h e  B u c k n e r  e t  a l .  ( 1 9 9 9 )  s t u d y  a l s o
showed  signiªcant  activation  compared  to  a  ªxation
baseline, whereas, as noted earlier, the extrastriate region
we have focused on was not activated signiªcantly dur-
ing the stem completion baseline compared to ªxation.
Differences in experimental paradigms (or possibly im-
aging modalities) may account for the contrasting pat-
terns.
Although the possibility that priming-related extrastri-
ate decreases reºect amodal processes is intriguing, the
fact  that  we  observed  no  extrastriate  rCBF  decreases
during cross-modality priming—when priming depends
exclusively  on  amodal  processes—indicates  that  the
story may be more complex (and also indicates that such
decreases  do  not  occur  ubiquitously  in  all  forms  of
priming). Perhaps priming-related extrastriate decreases
are speciªc to conditions in which within-modality per-
ceptual processes that were carried out during encoding
(visual or auditory) are reinstated during a priming test.
T o say more at the present time would go beyond the
available  data.  We  believe  that  the  pattern  of  results
reported here may provide important clues concerning
the nature and basis of priming,  but it is evident that
further studies will be required to provide a ªrmer basis
for theoretical interpretation of our data.
Within-modality auditory priming was also associated
w i t h  r C B F  d e c r e a s e s  i n  t h e  r i g h t  a n g u l a r  g y r u s .  T h i s
decrease may be associated with some aspect of lexical
processing. Although the function of the right angular
g y r u s  i s  n o t  w e l l  u n d e r s t o o d ,  i t s  a c t i v a t i o n  h a s  b e e n
reported in episodic memory tasks involving conscious
recollection of words and sentences (Horwitz, Rumsey,
& Donohue, 1998; Tulving et al., 1994). Other areas that
showed  consistent  decreases  during  within-modality
a u d i t o ry  p r i m i n g  a r e  t h e  m e d i a l  p r e f r o n t a l  c o r t e x  e x -
tending into the right anterior prefrontal cortex, and an
anterior part of the precuneus (medial parietal cortex).
Buckner et al. (1996) reported that both of these regions
exhibited decreased activity during paired associate re-
call compared to a ªxation control. It is possible that the
decreases reported by Buckner et al. are related to our
observations, but further work will be necessary to settle
the matter.
Perhaps  surprisingly,  we  did  not  ªnd  evidence  for
priming-related decreases in the primary auditory cortex
or in the auditory association cortex.  As noted earlier ,
however ,  in Experiment 1,  we did ªnd some evidence
suggestive of priming-related decreases in the auditory
association cortex. During the baseline stem completion
tasks, there was signiªcant activation in the left primary
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tion cortex (BA 22 and 42) compared to ªxation (Table
2).  In  primed  stem  completion,  the  primary  auditory
cortex activation was again observed, but the activation
did not extend into the auditory association cortex. How-
ever, because the direct contrast between primed and
baseline  stem  completion  performance  did  not  reveal
signiªcant  changes  in  the  auditory  association  cortex,
further studies will be necessary to determine whether
this region shows reliable priming-related decreases on
auditory stem completion or similar tasks.
In the cross-modality condition, none of the areas that
showed rCBF decreases during within-modality priming
showed reduced activity; the only decrease observed in
this condition was a trend in the left posterior parietal
cortex (BA 39/40; angular gyrus). There were also trends
for increases observed in the medial and right anterior
prefrontal cortex.  Although we must be cautious when
i n t e r p r e t i n g  t h e s e  t r e n d s ,  t h e y  ªt  w e l l  w i t h  p r e v i o u s
cognitive  studies  that have  highlighted  differences  be-
tween within- and cross-modality priming. One class of
e xplanations has focused on the idea that cross-modal
priming  is  mediated  by  some  form  of  abstract  lexical
representation involved in phonological input or output
processing (e.g., Curran et al., 1999; Kirsner et al., 1989;
Weldon, 1991). Previous neuroimaging studies have sug-
gested that regions of the left posterior parietal cortex
(BA 39/40),  in the vicinity of the region that showed a
decrease  during  cross-modal  priming,  are  involved  in
phonological  storage  processes  (Awh  et  al.,  1996;
Paulesu,  Frith,  &  Frackowiak,  1993).  This  conclusion  is
also supported by neuropsychological studies indicating
that lesions to the left posterior parietal cortex are fre-
quently observed in patients characterized by phonologi-
cal  storage  deªcits  (Vallar  &  Shallice,  1990).  Thus,  the
trend we observed in the left posterior parietal cortex
during  cross-modal  priming  could  reºect  a  priming-
related  reduction  in  some  aspect  of  phonological  or
lexical processing.
Activation in the right anterior prefrontal region (BA)
has been observed frequently in studies of episodic or
explicit memory retrieval (Tulving et al.,  1994) and has
been previously associated with various aspects of ex-
plicit retrieval, including retrieval “mode” (Nyberg et al.,
1995), retrieval effort (Schacter et al., 1996), and post-
retrieval monitoring (Rugg, Fletcher, Frith, Frackowiak, &
Dolan, 1996; Schacter, Buckner, Koutstaal, Dale, & Rosen,
1997).  Two  lines  of  evidence  from  behavioral  studies
have illuminated the role of e xplicit retrieval in cross-
modality stem completion priming. Neuropsychological
studies have demonstrated that amnesic patients show
normal cross-modality priming on the stem completion
task (Carlesimo, 1994; Graf, Shimamura, & Squire, 1985),
thereby indicating that explicit retrieval is not necessary
for  cross-modal  priming  to  occur.  Nonetheless,  using
process  dissociation  procedures  previously  developed
by Jacoby (1991) for estimating nonconscious and con-
sciously controlled contributions to retrieval, Jacoby et
al. (1993) provided evidence from college students that
whereas  within-modality priming depends on noncon-
scious  or  implicit  retrieval  processes,  cross-modality
priming involves conscious recollection.
In a comparison of within- and cross-modality visual
stem  completion  priming,  Richardson-Klavehn  and
Gardiner  (1996)  further  reªned  this  notion  by  distin-
guishing different aspects of conscious recollection, one
dimension  involving  intentional/unintentional  retrieval
and  another  involving  awareness/unawareness  of  the
study episode (Schacter, 1987). They provided evidence
that  cross-modality  priming,  like  within-modality  prim-
ing, involves unintentional retrieval of previously studied
items. Richardson-Klavehn and Gardiner supported this
idea by showing that a deep versus shallow encoding
manipulation, which signiªcantly affected explicit recall,
h a d  n o  e f f e c t  o n  c r o s s - m o d a l i t y  ( a n d  w i t h i n - m o d a l i t y )
priming (see also Craik, Moscovitch, & McDowd, 1994).
Had subjects been engaging in intentional retrieval dur-
ing cross-modality priming, they should have exhibited
more  priming  after  deep  than  shallow  encoding  (for
elaboration of this logic, see Schacter, Bowers, & Booker,
1989). However, Richardson-Klavehn and Gardiner also
presented  evidence  based  on  Jacoby’s  (1991)  process
dissociation procedure that cross-modality priming, un-
like  within-modality  priming,  entails  conscious  aware-
n e s s  o f  t h e  p r i o r  p r e s e n t a t i o n  o f  t h e  s t u d i e d
w o r ds — w h a t h a s  b een  t erm ed  “ i nv ol u nt a ry co n s ci ou s
m e m o r y ”  o r  “ i n v o l u n t a r y  e x p l i c i t  m e m o r y ”  ( S c h a c t e r ,
1987; Schacter et al., 1989).
If the trend for right anterior prefrontal activation in
Experiment  2  reºects  “involuntary  explicit  memory,”
one might expect that during cross-modal stem comple-
tion testing subjects were more likely to become aware
that  test  items  came  from  the  study  list  than  during
within-modality  stem  completion  testing.  Informal  as-
sessments  of  subjects  during  postscan  debrieªng  re-
vealed that nearly all subjects (87.5%) in both within-
and  cross-modality  conditions  were  aware  of  the  fact
that some of the stems came from the study list.  How-
ever,  no  subjects  reported  that  they  intentionally  at-
tempted  to  recall  studied  words  in  either  condition.
F u t u r e  s t u d i e s  w i l l  t h u s  b e  r e q u i r e d  t o  d e t e r m i n e
whether the trends for prefrontal activation observed in
Experiment 2 reºect the kinds of processes observed in
the foregoing cognitive studies of cross-modality prim-
ing. Moreover, because we have examined cross-modality
priming of auditory stem completion after visual study,
whereas the foregoing cognitive studies examined cross-
modality priming of visual stem completion tasks after
auditory  study,  it  will  be  important  to  determine
whether the trends observed in the present experiment
are  obtained  in  visual  stem  completion  tasks  that  are
preceded by auditory study. Initial results are consistent
with this possibility (Schacter, Badgaiyan, & Alpert, 1999).
In summary, the main ªnding from our experiments is
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served previously during within-modality visual priming
are also observed during within-modality auditory prim-
ing.  These ªndings raise the possibility that extrastriate
blood  ºow  decreases  reºect  changes  in  more  general
priming processes than was previously suspected.
METHODS
The experimental protocol was approved by the institu-
tional review boards of Harvard University and Massa-
chusetts  General  Hospital.  The  experiments  were
conducted  with  young  native  English  speaking  volun-
teers who were right handed as assessed by Edinburgh
handedness  inventory  (Raczkowski,  Kalat,  &  Nebes,
1974). All subjects had normal or corrected to normal
v i s i o n  a n d  h e a r i n g .  I n  a  p r e s c a n  i n t e rv i e w ,  t h e y  w e r e
screened to rule out current medical conditions, history
of  neurological  or  psychiatric  disturbances,  prolonged
use of a prescription or recreational drugs, claustropho-
bia,  and signiªcant prior radiation exposure.  They were
advised to remain alcohol free for at least 24 hr prior to
the scan.
Experiment 1 was conducted with eight young volun-
teers (three females, ªve males, 20–28 years; mean age  =
25.2 years) who consented to participate for monetary
compensation.
In the study phase, a list of 60 words (30 target words
and  30  ªller  words,  presented  in  random  order),  re-
corded  in  a  single  female  voice,  was  presented  over
headphones (2 sec/word). Subjects were instructed to
rate the clarity of enunciation for each word on a 1 to
3 scale using a numeric keypad and responding with the
right hand.
Approximately 2 min after presentation of the (non-
s c a n n e d )  s t u d y  l i s t ,  p a r t i c i p a n t s  w e r e  s c a n n e d  d u r i n g
separate blocks in which they provided completions to
auditory word stems that could be completed with pre-
viously studied words (priming scan) or could not be
completed  with  previously  studied  words  (baseline
scan).  Thirty  auditory  word  stems  were  presented
(3 sec/stem; in the same female voice used for the study
words)  over  headphones,  and  subjects  were  asked  to
speak aloud the ªrst word that came to mind beginning
with each stem. Participants were told to avoid proper
nouns  and  were  assured  that  there  were  no  right  or
wrong answers. The ªrst nine stems in each block were
derived from both studied and nonstudied words. The
ªnal 21 stems in priming scans all came from the studied
list, whereas in baseline scans none of the ªnal 21 stems
c o u l d  b e  c o m p l e t e d  w i t h  a  s t u d i e d  w o r d .  P E T  s c a n s
were obtained during completion of the ªnal 20 stems.
The study-test blocks were repeated so that we obtained
three  priming  blocks  and  three  baseline  blocks.  Each
block comprised a different set of words and stems.
The experiment also included a ªxation condition in
which subjects were instructed to ªxate on a crosshair.
There were two ªxation blocks,  one prior to the ªrst
study list and the other after the ªnal stem completion
test. Each subject thus underwent eight scans, three in
the priming, three in the baseline, and two in ªxation
condition. During the stem completion test, responses
were recorded on a tape recorder ,  and response laten-
cies were recorded with a microphone connected to a
PsyScope button box (Macwhinney, Cohen, & Provost,
1997).
Target  materials  consisted  of  a  list  of  200  common
English  words,  each  having  a  unique  ªrst  syllable.  Se-
lected  words  were  divided  into  two  lists  (A  and  B),
which were balanced according to the word frequency
(range  1  to  100;  Kucera  &  Francis,  1967),  number  of
syllables (range 2 to 4), and number of possible comple-
tions.  The  ªrst  syllable  of  each  word  was  used  as  an
auditory  word  stem,  and  each  stem  had  at  least  six
possible completions. The American  Heritage  College
Dictionary (Costello, 1997) was used to identify sylla-
bles and determine the number of possible completions.
For half of the subjects, list A was used for study lists and
list B for baseline lists; for the other half, the assignment
of lists to conditions was reversed.  Lists A and B were
further divided into three sublists that were counterbal-
anced across subjects, scan sequences, and priming or
baseline conditions in such a way that each sublist oc-
curred equally often in the priming and baseline condi-
tion and in each scan sequence.  Further ,  the sequence
of priming and baseline conditions was counterbalanced
across subjects so that each condition occurred equally
often at each scan sequence. During the stem comple-
tion task, subjects were asked to focus on a crosshair
that was always displayed at the center of a computer
monitor placed directly in front of the subject.
E x p eri m e nt  2  w a s  co nd u ct ed  w i t h  e i g h t  v o lu nt e ers
whose  age  (19  to  30  years,  mean  22.75  years)  and
gender  (three females/ªve males) were approximately
matched to those of the subjects who participated in
Experiment 1.
The  experiment  included  both  within-modality  and
cross-modality priming conditions.  The within-modality
condition  was  nearly  identical  to  Experiment  1,  with
only two differences:  (1) there were only two (instead
of  three)  study-test  blocks,  and  (2)  during  the  study
phase, subjects made pleasantness judgments for each
study word, thus allowing us to use the same encoding
t a s k  f o r  a u d i t o ry  a n d  v i s u a l  s t u d y  i t e m s .  I n  t h e  c r o s s -
modality condition, study words were presented visually
at  the  center  of  a  computer  monitor,  whereas  in  the
within-modality condition, words were presented audi-
torily  as  described  for  Experiment  1.  Cross-modality
priming on the stem completion task is typically smaller
than within-modality priming (Graf et al., 1985; Roediger
& Blaxton, 1987; Schacter & Graf, 1989). Therefore, we
attempted  to  create  conditions  that  would  reduce  or
eliminate possible differences in the overall magnitude
of  priming  that  could  confound  interpretation  of  any
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forms of priming.
B a s e d  o n  t h e  r e s u l t s  o f  b e h a v i o r a l  p i l o t  s t u d i e s ,  w e
reduced the length of the study list (in each study block)
from 60 words (30 study and 30 ªller) for the within-
modality condition to 45 words (30 study and 15 ªller)
for  the  cross-modality  condition.  Stem  completion
blocks  were  constructed  in  the  same  manner  in  the
within- and cross-modality conditions, as described for
Experiment 1.
The  words  used  in  this  experiment  were  selected
using the criteria described for Experiment 1 and were
counterbalanced across subjects in such a way that each
w o r d  w a s  u s e d  e q u a l l y  o f t e n  i n  p ri m i n g  a n d  b a s e l i n e
conditions and in within- and cross-modality conditions.
The sequence of scans was also counterbalanced across
subjects  so  that  equal  numbers  of  within-  and  cross-
modality  conditions,  as  well  as  priming  and  baseline
conditions, occurred in each scan sequence. Each sub-
ject underwent eight scans, two in each of the four main
conditions  (i.e.,  within-modality  priming  and  baseline,
cross-modality priming and baseline).
PET Scan
During  the  priming,  baseline,  and  ªxation  conditions
head  scans  were  obtained  using  a  General  Electric
Scanditronix  (Uppsala)  model  PC4096  15-slice  whole
b o d y  t o m o g r a p h .  A n  i n d i v i d u a l l y  m o l d e d  p l a s t i c  f a c e
m a s k  w a s  u s e d  t o  m i n i m i z e  h e a d  m o t i o n  d u r i n g  t h e
experiment. At time zero, the stem completion or the
ªxation task was started along with the PET camera and
continued for 90 sec. At 30 sec, radioactive tracer inha-
lation (15O  labeled carbon dioxide) and emission data
acquisition began. Tracer inhalation and data acquisition
lasted for 60 sec. A washout period of approximately 10
min was allowed between successive scans. Details of
the  PET  facility  and  procedures  are  similar  to  those
described earlier (Kosslyn et al., 1994).
Data Analysis
After image reconstruction, the scans from each subject
were treated as follows:  A correction was computed to
account for head movement (rigid body translation and
rotation) using a least squares ªtting technique (Alpert,
Berdichevsky,  Levin,  Morris,  &  Fischman,  1996).  The
mean over all conditions was formed and used as input
to determine the transformation to the standard coordi-
nate system of Talairach and Tournoux (1988). This trans-
formation  was  computed  by  deforming  the  10-mm
parasagittal brain-surface contour to match the contour
of a reference brain (Alpert,  Berdichevsky ,  W eiss,  T ang,
Rauch,  1993).  Following  spatial  normalization,  scans
were ªltered with a two-dimensional Gaussian ªlter, full
width at half maximum set to 20 mm. Statistical analysis
f o l l o w e d  t h e  t h e o r y  o f  s t a t i s t i c a l  p a r a m e t r i c  m a p p i n g
(Friston, Frith, Liddle, & Frackowiak, 1991; Friston et al.,
1995; Worsley, Evans, Marrett, & Neelin, 1992). Data were
analyzed with SPM95 (from the Wellcome Dept. of Cog-
nitive  Neurology,  London,  UK).  The  PET  data  at  each
voxel were normalized by the global mean and ªt to a
linear  statistical  model  with  cognitive  state  (i.e.,  scan
condition) considered as a main effect and subjects as a
block effect. Hypothesis testing was performed using the
method  of  planned  contrasts  at  each  voxel.  We  set
thresholds  for  signiªcance  according  to  the  theory  of
Gaussian ªelds (see Friston et al., 1991; 1995; Worsley et
al., 1992). When no localizing hypothesis or prior experi-
mental data were available, a threshold of z = 4.2 was
considered signiªcant. When we had a priori hypotheses
that  localized  the  putative  activation  to  a  speciªc
anatomic region, we considered a threshold of z = 3.09
to be signiªcant. This threshold (z = 3.09) constitutes a
compromise between a low threshold uncorrected for
multiple comparisons (z = 1.96) and a higher threshold
(z = 4.2) suggested by the theory of Gaussian ªelds for
unplanned  comparisons  (see  Worsley  et  al.,  1996,  for
discussion of the basis of a lower statistical threshold for
testing anatomically localized hypotheses).
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